Ten mutants of Aspergillus nidulans lacking nicotinamide adenine dinucleotide-specific glutamate dehydrogenase (NAD-GDH) have been isolated, and their mutations (gdhBl through gdhB10) have been shown to lie in the gdhB gene. In addition, a temperature-sensitive gdhB mutant (gdhBll) has been isolated. A revertant (designated R-5) of the mutant gdhBl bears an additional lesion in the gdhB gene and has altered NAD-GDH activity with altered Km values for ammonia or ammonium ions and for a-ketoglutarate. These results suggest that gdhB specifies a structural component for NAD-GDH. The growth characteristics of gdhB mutants indicate the routes by which amino acids are utilized as nitrogen and carbon energy sources. The properties are described of the double mutants bearing the mutations gdhBl and gdhAl or tamA119, which have low NADP-GDH activity.
Glutamate dehydrogenases (GDHs) occupy an important branch point between carbon and nitrogen metabolism since they catalyze either the reductive amination of a-ketoglutarate (with ammonia or ammonium ions) to L-glutamate, probably a primary amination step in microorganisms, or the oxidative deamination of glutamate with ammonia formation. Whereas GDHs from animal tissue can catalyze these reactions with either of the coenzymes nicotinamide adenine dinucleotide (NAD) or nicotinamide adenine dinucleotide phosphate (NADP), the enzymes from microorganisms and plants are usually specific for NAD or NADP (see reference 6 for a review).
In Neurospora crassa, Aspergillus nidulans, and other microorganisms, there are two glutamate dehydrogenases (17) . The NADP-GDH (EC 1.4.1.4) appears to have a mainly biosynthetic function with glutamate as the product. In A. nidulans, high activity of this enzyme is found in cells grown with glucose and inorganic nitrogen, such as nitrate or ammonia, as the main carbon and nitrogen source, and low activity is found in cells grown on glucose and L-glutamate (16) or on L-glutamate alone (8, 11) . The properties of mutants with lesions in the NADP-GDH structural gene gdhA in A.
nidulans (2, 9, 13) and in yeast (7) indicate that NADP-GDH is involved in the control process of a number of systems regulated by ammonia control (7, 18) . The systems regulated by this ammonia control are involved in nitrate assimilation, amino acid transport and breakdown, 42 and purine transport and breakdown (for a review see reference 17).
Less is known about NAD-linked GDH (EC 1.4.1.2), but high activity of this enzyme is found in cells of A. nidulans grown on a medium with a poor carbon source such as L-glutamate (8, 12) , and it has been suggested that this system is at least partly regulated by glucose repression (12) . Mutants of A. nidulans in which the gdhB locus is affected have been isolated and have been shown to lack NAD-GDH activity (9) .
The studies with gdhB mutants reported here deal with the following points: (i) evidence that gdhB is the structural gene for NAD-GDH; (ii) the growth properties of gdhB mutants; (iii) the ammonia regulation status and growth properties of double mutants containing the gdhBl lesion and mutations in other loci, gdhA and tamA, that affect NADP-GDH activity.
MATERIALS AND METHODS
Materials, supplements, culture conditions, NAD-GDH assays, ammonia repression plate tests, and protein estimation were as described in a previous communication (9) . Nitrogen-free minimal medium (-N medium) (5) and nitrogen-and carbon-free minimal medium (-CN medium) were used (9) .
Strains and genetic techniques. The genetic techniques employed were those described by Pontecorvo et al. (19) and by McCully and Forbes (14) . The strain used as a wild type with respect to nitrogen metabolism was a biotin auxotroph bil (Glasgow no. 051). The mutant gdhAl lacks NADP-GDH activity and is derepressed with respect to ammonia regulation of VOL. 124, 1976 several transport and enzyme systems (2, 9, 13, 18) . The growth of gdhAl is markedly inhibited by high concentrations of ammonia (200 mM) at 25 C (9) and shows a growth lag with low concentrations (10 mM) of ammonia (2, 9, 13 (10) .
Selection of mutants with low NAD-GDH activity. N-methyl -N' -nitroN-nitrosoguanidinetreated conidia (1) of strain bil were spread over -N medium plus 10 mM ammonia, biotin, and sodium deoxycholate (15) . After 2 days of incubation at 37 C, colonies were replicated onto -CN medium plus 100 mM L-glutamate and biotin. After 2 days of incubation at 37 C, colonies unable to grow on replication were isolated, purified and retested on (i) -N medium plus 10 mM ammonia (5 mM ammonium tartrate), (ii) -CN medium plus 100 mM L-glutamate, and (iii) -CN medium plus 100 mM L-glutamate, and incubated at 37, 37, and 25 C, respectively.
Selection of phenotypic revertants of gdhBl. Sectors of improved growth, arising from mutant gdhBI (which grows poorly with -N medium plus 10 mM L-alanine), were isolated and purified. These sectors were retested and found to grow like the wild type under all of the growth conditions tested.
RESULTS
Isolation and genetic characterization of gdhB mutants. A number of mutants unable to utilize L-glutamate as the sole carbon and nitrogen source were isolated. Ten were found to have undetectable levels of NAD-GDH activity (Table 1) . In crosses between these mutants and mutant gdhBl, no wild-type recombinants were recovered in samples of about 500 progeny from each cross, indicating that their mutations are allelic or closely linked to the gdhBl mutation. The mutant strains were designated gdhBl to gdhBlO. Heterokaryons with all possible combinations of gdhB mutations were made. The mutations were found to be allelic by their failure to complement in these heterokaryons. Haploidization of the diploid between strain bil,gdhBl and master strain F gave haploid segregants that showed free assortment between the gdhBl lesion and all markers except pyroA4 (pyridoxine requirement), which is in linkage group "IV ( Table 2 ). The gdhB locus therefore lies in linkage group IV. The haploidization analysis also showed that strain bilgdhBl is translocation free. Meiotic analysis showed that the gdhB gene is unlinked with gene gdhA, the structural gene for NADP-GDH (13) , since approximately 50% recombination frequencies were found in gdhAl x gdhBl crosses (200 progeny scored). Gene gdhA lies in linkage group III (9) . Crosses between strains carrying (ii) Carbon and nitrogen sources. Mutant gdhBl grew extremely poorly with L-glutamate, (Table 3 ). This thermosensitive pattern of growth suggested that mutant gdhBll may have a thermolabile NAD-GDH protein. However, cell extracts of mutant gdhBll did not contain an NAD-GDH protein that was significantly more heat labile than that of the wild type at 37, 40, 45, or 50 C (above 50 C wild-type activity is lost). Wild-type gdhB+ and mutant gdhBll were grown at 25 C under a condition in which NAD-GDH activity is repressed and were then transferred to derepressing conditions at a nonpermissive temperature (37 C) (Fig. 1) . Unlike wild-type gdhB+, mutant gdhBll failed to develop NAD-GDH activity under these conditions. One possible explanation of this result, together with the stability of mutant gdhBll NAD-GDH activity at 37 C in vitro, is that the assembly of the protein molecule in vivo is thermosensitive. Mutant gdhBl 1 grew as well as the wild type at 37 C under conditions in which NAD-GDH activity was not required. This indicated that the mutation gdhBll did not prevent general protein synthesis.
Selection and genetic characterization of gdhB phenotypic revertants. A number of Failure of temperature-sensitive mutant gdhBll to derepress NAD-GDH activity at a nonpermissive temperature (37 C). Cells of wild-type gdhB+ and mutant gdhBll were grown with -N medium plus 10 mM ammonia at 25 C and transferred to the treatment medium, -CN medium plus 1.5% Casamino Acids, at 37 C. NAD-GDH activity was assayed for periods up to 4 h. Symbols: A, wild-type gdhB+;*, mutant gdhBIl.
phenotypic revertants (designated R) of mutant gdhBl, which were able to utilize L-glutamate as the sole carbon and nitrogen source, were isolated. One of these secondary revertants, gdhBl,R-5, was studied further. In a cross between wild-type gdhB+ and revertant gdhBl,R-5, no mutant gdhBl progeny were recovered in approximately 500 progeny tested. This result indicates that the R-5 mutation is close to, or within, the gdhB gene.
Mutant with an altered Km for ammonium and ketoglutarate. Figures 2 and 3 show the result of Km studies in undialyzed cell extracts. Revertant gdhBl,R-5 has an altered Km for both ammonia and a-ketoglutarate. It is likely that these Km differences are due to altered substrate affinities. Also, NAD-GDH from revertant gdhBl,R-5 is not sensitive to a-ketoglutarate inhibition, as is the NAD-GDH from the wild type (Fig. 3) . These Km and product inhibition differences are evidence for structural modification of NAD-GDH in revertant gdhBl,R-5.
DISCUSSION
Gene gdhB is not linked to gdhA, the structural gene for NADP-GDH (13), since no linkage has been found in gdhAl x gdhBl crosses, and mitotic and meiotic genetic analyses show that gdhA is in linkage group III (9) and gdhB is in linkage group IV. There are two lines of evidence that suggest that gdhB specifies a structural component for NAD-GDH. First, 10 mutants (gdhBl to gdhB10) lacking NAD-GDH [ The utilization of L-glutamate as the sole nitrogen source is extremely poor in gdhB mutants, this is likely to be due to a low ammonia yield from L-glutamate. In contrast, the wild type grows with L-glutamate as the sole nitrogen source since ammonia is generated via NAD-GDH activity. Presumably, ammonia is required for other important steps incorporating ammonia into organic compounds, e.g., the formation of L-glutamine by glutamine synthetase. NADP-GDH activity does not substitute for NAD-GDH activity in gdhB mutants, probably due to either, or both, of the following reasons. First, L-glutamate as a nitrogen source results in low, repressed levels of NADP-GDH activity (16) . Second, the efficiency of NADP-GDH with respect to L-glutamate deamination is low as judged by the equilibrium of the reaction, which favors L-glutamate synthesis (J. Kinghorn, unpublished data), and the relatively high Km of NADP-GDH for L-glutamate (13) .
Poor growth of mutant gdhBl with L-aspar- or Casamino Acids indicates that NAD-GDH activity is required for these amino acids to be utilized as the carbon source. This means that the amino group of these amino acids is first transferred to L-glutamate, and subsequently NAD-GDH activity regenerates a-ketoglutarate. The a-keto acid derived from the starting amino acid is then utilized as a carbon source in which, eventually, the carbon is utilized via the central metabolic routes.
An alternative hypothesis that explains the poor growth of mutant gdhBl with these amino acids as the carbon or nitrogen source is that gdhB is a regulator gene, within which mutation can result in low activity of a number of amino acid catabolic or transport systems. We think this an unlikely explanation for two reasons. First, our evidence suggests that gdhB specifies a structural component for NAD-GDH. Second, mutant gdhBl has wild-type L-glutamate, Laspartate, and L-alanine transport activity and wild-type glutamate-oxaloacetate aminotransferase and glutamate-pyruvate aminotransferase activity (Kinghorn, unpublished data) .
In contrast, the mutant gdhBl grows as well as the wild type on L-threonine and L-serine. This suggests that the situation in A. nidulans is similar to that in Penicillium chrysogenum and P. janthinellum. Willetts (22) has shown that in these two fungi L-threonine and L-serine are utilized via L-glycine and acetyl-coenzyme A without a requirement for NAD-GDH activity.
It has been generally assumed that the growth of gdhA mutants on low concentrations of ammonia after a lag is due to residual levels of NAD-GDH activity. However, the fact that the gdhA1,gdhBl double mutant shows a similar lag rather discounts this. It may be that another aminating system such as aspartase or glutamate synthase is present in A. nidulans, as has been found in yeast and bacteria (3, 20, 21) . However, recent studies (Kinghorn, unpub- lished data; Hynes, personal communication) have not revealed any evidence of this.
